Thiamine (vitamin B 1 ) deficiency (TD) leads to focal brain necrosis in particular brain regions in humans and in experimental animal models. The precise mechanism of the selective topographic vulnerability triggered by TD still remains unclear. We examined the distribution pattern of cell death in the brains of mice in an experimental model of TD using antiYsingle-strand DNA immunohistochemistry and terminal deoxynucleotidyl transferaseYmediated deoxyuridine triphosphateYbiotin nick end labeling methods. We found that interneurons in the olfactory bulb were sensitive to TD. The morphologic aspects of cell death in the olfactory bulb resembled those of cell death in thalamic neurons, which have previously been examined in detail. Furthermore, cell death in the olfactory bulb was partly relieved by the administration of an N-methyl-d-aspartate receptor antagonist, as was the case in thalamic lesions by TD. The superficial part of the olfactory granule cell layer seemed to be the most sensitive to TD, suggesting that differences in the afferents between superficial and deep granule cells may influence the sensitivity of these cells to TD. Our results indicate that the olfactory bulb should be considered as one of the vulnerable regions to TD.
INTRODUCTION
Thiamine, also known as vitamin B 1 , is an essential nutrient. Thiamine is incorporated into cells and is then rapidly converted to thiamine pyrophosphate. Thiamine pyrophosphate plays an essential role as a coenzyme for several enzymes such as pyruvate dehydrogenase, >-ketoglutarate dehydrogenase, and transketolase in glucose metabolism and branched-chain >-ketoacid dehydrogenase in amino acid metabolism (1) .
In humans, thiamine deficiency (TD) causes brain dysfunction known as Wernicke-Korsakoff syndrome (WKS). Wernicke-Korsakoff syndrome is characterized by acute symptoms including oculomotor disturbance, ataxia, and confusion and chronic symptoms such as amnesia and confabulation (2, 3) . The brains of WKS patients generally show focal lesions in particular brain regions such as the mammillary bodies, fornix, thalamic nuclei, periaqueductal region, the floor of the fourth ventricle, hypothalamus, superior and inferior colliculi, and cerebellar vermis (3) . Histopathologically, the lesions in WKS display unique and complex changes, including necrosis, vascular damage, petechial hemorrhage, and demyelination (2, 3) . Previous studies have indicated that the histologic features of these lesions vary topographically and could be classified into at least 2 different types based on the existence of neuronal loss (4, 5) .
Rodent models of TD have been developed to examine the pathogenesis of WKS (6, 7) . For these models, mice or rats are fed a thiamine-deficient diet and injected daily with the thiamine antagonist pyrithiamine. After short asymptomatic periods (10Y14 days), these pyrithiamine-induced thiamine-deficient (PTD) rodents show neurologic signs such as seizures, loss of the righting reflex, decreased spontaneous movements, and opisthotonus. The brains of these symptomatic PTD rodents show similar neuropathologic changes to those found in WKS in several brain regions, including the thalamus, mammillary bodies, inferior colliculus, and vestibular nuclei. Moreover, the 2 types of histopathologic changes found in the brains of patients with WKS have also been reported in PTD rats (8) .
A number of studies of PTD rodents have demonstrated several possible mechanisms for the pathogenesis of these lesions including excitotoxicity (9Y11), oxidative stress (12Y14), endoplasmic reticulum stress (15) , and astroglial dysfunction (16, 17) . The precise mechanisms causing selective topographic vulnerability and histopathologic heterogeneity in the brains of PTD rodents still remain unclear.
The patterns of brain lesions in PTD rodents need to be clarified to understand the mechanisms for selective topographic vulnerability. In the present study, we therefore examined the distribution pattern of cell death in the brains of PTD mice using immunohistochemistry for antiYsingle-strand DNA (ssDNA) (18) , terminal deoxynucleotidyl transferase (TdT)Ymediated deoxyuridine triphosphate (dUTP)Ybiotin nick end labeling (TUNEL) (19) , and conventional histologic techniques. We found that PTD mice showed massive neuronal death in the olfactory bulb as well as in regions that have previously been identified as being vulnerable to TD.
N-methyl-d-aspartate (NMDA)Ymediated excitotoxicity has been shown to be involved in cell death in the thalami of PTD rats (9, 10) . On the other hand, administration of the NMDA receptor antagonist MK-801 offered no protection against PTD-induced cell death in regions such as the inferior colliculus, inferior olivary nucleus, or lateral vestibular nucleus (9) , suggesting that cell death in the brains of PTD mice could be classified into NMDA receptor dependent and independent. Thus, we determined whether cell death in the olfactory bulbs of PTD mice was sensitive to MK-801.
Our results indicate that neuropathologic changes in the olfactory bulbs of PTD mice are essentially the same as those that have been observed in the thalami of PTD rodents. The distribution pattern of dying granule cells suggests that sensory inputs affected neuronal death induced by TD.
MATERIALS AND METHODS

Animals
Adult (7-week-old) male DBA/2N mice were purchased from Charles River Laboratories Japan (Yokohama, Japan). All procedures were undertaken with the approval of the Animal Committee of Fukuoka Women's University. Animals were housed 3 or 4 per cage, individually marked, and maintained under the conditions of constant temperature, humidity, and a 12-hour/12-hour light/dark cycle. Animals were randomly assigned as PTD mice or control mice. Pyrithiamine-induced thiamine-deficient mice were fed with thiamine-deficient chow (AIN-93-based; Oriental Yeast Co. Ltd, Tokyo, Japan) ad libitum and were subjected to daily intraperitoneal (i.p.) injections of pyrithiamine hydrobromide (0.5 mg/kg; SigmaAldrich, St. Louis, MO). The average amount of chow consumed each day per PTD animal was calculated. The control mice were fed daily with the same thiamine-deficient chow and were supplemented with daily i.p. injections of thiamine (0.5 mg/kg; Wako Pure Chemical Industries, Osaka, Japan). The amount of chow given to the control mice each day was determined based on the average amount of chow consumed by PTD mice because the latter mice showed progressive anorexia. On experimental day 11, PTD and the control mice were perfused with fixatives.
To assess the contribution of NMDA receptorYmediated excitotoxicity to cell death in the olfactory bulb by PTD, DBA/ 2N mice were all fed with the thiamine-deficient chow and randomly assigned to groups receiving either MK-801 (n = 4) or vehicle (n = 4) in addition to the daily injections of pyrithiamine. (+)-MK-801 maleate (Wako Pure Chemical Industries) was dissolved in saline at a final concentration of 0.1 mg/mL. This solution was injected i.p. (1.0 mg/kg body weight every 12 hours, commencing on day 5 of the PTD protocol).
Klüver-Barrera Stain
Seven PTD mice and 4 control mice were perfused with Bouin fixative for routine histology using the Klüver-Barrera stain. The brains were then removed and immersed in the same fixative for 2 hours. After fixation, the tissues were dehydrated and embedded in paraffin. Eight-micrometer-thick sections were cut on a microtome (SM2000R, Leica Biosystems, Nussloch, Germany). The sections were collected on silanecoated slides (Matsunami, Osaka, Japan). The sections were equally spaced along the rostrocaudal axis (208 Km apart) of the whole brain. Sections were deparaffinized and stained with 0.1% Luxol fast blue and then 0.1% cresyl violet.
Single-Strand DNA Immunohistochemistry and TUNEL Stain With Free-Floating Sections Pyrithiamine-induced thiamine-deficient mice (n = 6) and control mice (n = 4) were deeply anesthetized with pentobarbital and then perfused through the ascending aorta with 4% paraformaldehyde in 0.1 mol/L phosphate buffer (PB) for 10 minutes. The brains were removed and immersed in 0.1 mol/L PB containing 25% sucrose overnight for cryoprotection. Forty-micrometer-thick serial sections were cut along the rostrocaudal axis of the whole brain on a freezing microtome. Every fourth section was used for each staining method (i.e. TUNEL, ssDNA immunolabeling, and Nissl stain to identify anatomic structures).
For immunohistochemistry, the sections were rinsed 3 times with PBS containing 0.2% Triton X-100 (PBST) for 10 minutes and preincubated for 1 hour with PBS containing 20% blocking reagent (Blocking One; Nacalai Tesque, Kyoto, Japan) and 5% normal goat serum (Invitrogen, Carlsbad, CA). The sections were then incubated with the rabbit anti-ssDNA antibody (dilution 1:1000, Code No. A4506; DakoCytomation, Glostrup, Denmark) diluted with PBST containing 5% blocking reagent at 4-C overnight. After 3 rinses with PBST, the sections were incubated with biotinylated goat anti-rabbit IgG (Code No. BA-1000; Vector Laboratories, Burlingame, CA) diluted 1:400 in PBST containing 5% blocking reagent for 2 hours at room temperature. The sections were then rinsed 3 times with PBST and incubated with peroxidase-labeled streptavidin (Code No. P0397; DakoCytomation) diluted 1:400 with PBS for 2 hours at room temperature. The sections were finally rinsed with PBS 5 times, and the peroxidase reaction product was visualized with 0.02% diaminobenzidine and 0.005% H 2 O 2 in PBS for 7 minutes.
For TUNEL staining, the sections were rinsed with PBST for 10 minutes and PBS for 5 minutes. The sections were then immersed with 0.3% H 2 O 2 in PBS for 30 minutes. After several rinses with PBS, the sections were incubated with TUNEL reaction solution, which consisted of 0.6 U/KL TdT (Code No. 03333574001; Roche, Basel, Switzerland), 0.004 nmol/KL biotin-16-dUTP (Roche), and 1 mmol/L cobalt chloride in TdT reaction buffer (50 Kg/mL gelatin in 0.1 mol/L cacodylate buffer pH 7.0) for 90 minutes at 37-C. After rinsing with 2Â SSC buffer for 15 minutes, the sections were incubated with peroxidase-labeled streptavidin (DakoCytomation) for 1 hour. The sections were finally rinsed with PBS, and the peroxidase reaction product was revealed with diaminobenzidine as above for 5 minutes.
Double Labeling Method for TUNEL and Immunofluorescence
Pyrithiamine-induced thiamine-deficient mice and control mice (n = 4 each) were anesthetized and perfused with 4% paraformaldehyde in 0.1 mol/L PB for 10 minutes. The brains were removed and postfixed with the same fixative for 2 hours. After fixation, the brains were immersed in 0.1 mol/L PB containing 25% sucrose overnight for cryoprotection. Seven-micrometer-thick sections were cut on a cryostat (CM3050S; Leica Biosystems). After rinses with PBST and PBS, sections were incubated with the TUNEL reaction solution for 90 minutes at 37-C. After rinsing with 2Â SSC buffer for 15 minutes, the sections were incubated with Alexa 488Ylabeled streptavidin (dilution 1:1000, Code No. S11223; Life Technologies, Carlsbad, CA) diluted in PBS for 1 hour. After rinsing with PBST and PBS, the sections were immersed with 20% blocking reagent and 1% MOM blocking reagent (Vector Laboratories) for 1 hour. The sections were then incubated with mouse anti-NeuN antibody (dilution 1:1000, clone A60, Code No. MAB377; Merck Millipore, Billerica, MA) or rabbit antiYactive caspase-3 antibody (dilution 1:500, clone C92-605, Code No. 559565; BD Pharmingen, San Jose, CA) diluted with PBST containing 5% blocking reagent at 4-C overnight. After 3 rinses with PBST, the sections were incubated with Alexa 594Ylabeled goat anti-mouse IgG (Code No. A11032; Life Technologies) or anti-rabbit IgG (Code No. A11037; Life Technologies) diluted 1:1000 in PBST containing 5% blocking reagent for 1 hour at room temperature. After rinses with PBST and PBS, the sections were counterstained with 1 Kg/mL 4 ¶,6-diamidino-2-phenylindole ([DAPI] Wako Pure Chemical Industries) diluted in PBS for 3 minutes. After several rinses with PBS, the sections were coverslipped with mounting medium (Fluoroshield; ImmunoBioScience Co., Mukilteo, WA). The sections were examined with a fluorescent microscope (Eclipse E800; Nikon, Tokyo, Japan) or a confocal laser scanning microscope (C2; Nikon).
Immunofluorescence for Ionized CalciumYBinding Adapter Molecule-1
Seven-micrometer-thick cryostat sections were prepared from the paraformaldehyde-fixed tissues. After rinsing with PBST and PBS, the sections were immersed with 20% blocking reagent for 1 hour. The sections were then incubated with rabbit antiYionized calciumYbinding adapter molecule-1 (Iba1) antibody (dilution 1:500, Code No. 019-19741; Wako Pure Chemical Industries) diluted with PBST containing 5% blocking reagent at 4-C overnight. After 3 rinses with PBST, the sections were incubated with Alexa 488Ylabeled goat antirabbit IgG (Code No. A11034; Life Technologies) diluted 1:1000 in PBST containing 5% blocking reagent for 1 hour at room temperature. After rinses with PBST and PBS, the sections were counterstained with DAPI. After rinses with PBS, the sections were coverslipped and then examined with a fluorescent microscope (Eclipse E800).
Quantitative Analysis of Dying Cells in the Olfactory Bulb
Dying cells in the olfactory bulb were quantified by counting pyknotic cells. In sections stained using the Klüver-Barrera method, pyknotic cells were characterized by condensed, darkly stained, spherical chromatin with pale or absent cytoplasm. In each animal, 5 equally spaced sections along the rostrocaudal axis (208 Km apart) were taken from the middle region of the rostrocaudal extent of the olfactory bulb approximately 3.3 mm anterior to the bregma according to the atlas (20) . In each section, we chose 4 counting areas (290 Km Â 170 Km) at the most superficial part of the granule cell layer (GrL) in the middle of the dorsoventral extent, including the mitral cell layer of the olfactory bulb. These areas were captured by a digital camera system (DXM1200F; Nikon) attached to a light microscope (Eclipse E800; Nikon) using a 40Â objective. We then counted the number of pyknotic cells within the mitral cell layer and superficial part of the GrL on a liquid crystal monitor equipped with a digital camera system. To correct the effect of the tissue volume changes on the pyknotic cell densities, we estimated the volumes of the olfactory bulbs in which we counted pyknotic cells. We captured images of the serial sections of the olfactory bulbs and measured crosssectional areas of them with ImageJ (National Institutes of Health, Bethesda, MD). We then calculated the volumes of the olfactory bulbs by multiplying the sum of the cross-sectional areas by the distance between the measured sections (208 Km) using Cavalieri principle. The data of the volumes of the olfactory bulb were analyzed by t-test with StatView J-4.5 software (Abacus Concepts, Berkeley, CA). The data of pyknotic cell densities are analyzed with repeated-measures analysis of variance with StatView J-4.5 software.
Electron Microscopy
Pyrithiamine-induced thiamine-deficient mice (n = 4) were fixed by perfusion fixation with 2% paraformaldehyde and 2% glutaraldehyde in 0.1 mol/L PB. The tissues were rinsed, osmificated, dehydrated, and embedded in epoxy resin. Semithin (2-Km-thick) sections were cut on an ultramicrotome (Ultracut E; Reichert-Jung, Wetzlar, Germany) and stained with 1% toluidine blue. Ultrathin sections were cut on the ultramicrotome, stained with uranyl acetate and lead citrate, and examined with an electron microscope (JEM-1010; JEOL, Tokyo, Japan).
RESULTS
General Observations
After Day 7 of the PTD treatment, the body weights of PTD mice started to decrease because of anorexia. Because the amounts of chow given to the control mice each day were restricted based on the average amount of chow consumed for PTD mice, no significant difference (p = 0.58) of the body weights was found between PTD and control mice on Day 11 (17.9 T 2.7 and 17.4 T 2.2 g, [mean T SD], respectively). By Day 10, most PTD mice exhibited characteristic neurologic signs consisting of ataxia, seizures, and opisthotonus. Some mice had generalized seizures that resulted in sudden death. Pyrithiamine-induced thiamine-deficient mice started to die on Day 9, and all PTD mice died by Day 13. We used PTD mice that survived until Day 11 for the present study. 
Dying Neurons in the Olfactory Bulb
In addition to the regions that have been previously reported as being vulnerable to TD, we found a considerable number of ssDNA-positive cells in the olfactory bulbs of PTD mice. Round ssDNA-positive profiles were observed in the GrL of PTD mice (Fig. 1A, C) . In addition to the GrL, ssDNA-positive profiles were observed in the periglomerular region. On the other hand, a small number of ssDNA-positive nuclei were found in the olfactory bulbs of control mice (Fig. 1B, D) . These ssDNA-positive cells in the control mice would likely be granule cells undergoing apoptosis (21) .
We then examined the olfactory bulbs of PTD mice using the Klüver-Barrera stain (Fig. 1E, G) . As expected from the results of ssDNA immunohistochemistry, pyknotic cells were observed in the GrL and periglomerular regions. Furthermore, a large number of TUNEL-positive cells were observed in the same regions where ssDNA-positive cells were detected (Fig. 1H) . Although large numbers of pyknotic cells or TUNEL-positive cells were observed in these regions, typical apoptotic bodies with fragmented chromatin were rarely observed.
To examine whether these TUNEL-positive cells were neurons, we performed double-labeling using the TUNEL method and immunofluorescence for NeuN, a neuronal marker protein (Fig. 2) . Most of TUNEL-positive cells in the GrL and periglomerular regions of PTD mice showed NeuN immunoreactivity (Fig. 2C, F) .
Caspase-3 Activation
To characterize cell death in the olfactory bulbs of PTD mice further, we examined whether the dying cells showed activation of the caspase cascade using antiYactive caspase-3 immunohistochemistry in combination with the TUNEL method. In PTD mice, we observed a large number of active caspase-3Ypositive cells in the GrL (Fig. 3AYC) . In addition to the GrL, small numbers of active caspase-3Ypositive cells were observed in the periglomerular regions. In high-power fields of the GrL, some active caspase-3Ypositive cells were also TUNEL positive (Fig. 3GYI) . In the control mice, we detected a small number of TUNEL-positive cells and active caspase-3Ypositive cells (Fig. 3DYF) ; these would likely be granule cells undergoing apoptosis, as previously mentioned (21, 22) . As previously reported (23) , some of these cells showed both signals for TUNEL and the activation of caspase-3.
Ultrastructural Features of Dying Cells
To examine whether cell death in the olfactory bulbs of PTD mice was caused by apoptosis, we examined the olfactory bulbs of PTD mice using electron microscopy. By light microscopy, semithin sections of resin-embedded specimens showed that the external plexiform layer had a pale and edematous appearance (Fig. 4A) . In the GrL, a large number of granule cells, especially those near the mitral cell layer, showed dark-cell changes that were frequently accompanied by condensed chromatin (Fig. 4A, B) . Edematous regions were frequently observed adjacent to these pyknotic nuclei. In contrast to granule cells, mitral cells appeared to be normal (Fig. 4B) .
In the GrL, 3 types of degenerative changes were detected in cells at the ultrastructural level (Fig. 4CYE) . One type was characterized by marked condensation of the cytoplasm and nuclei into a small, electron-dense, and amorphous mass (Fig. 4D, arrowhead) . The second type was characterized by markedly edematous cytoplasm containing the remnants of organelles (Fig. 4E) . The cytoplasm of dying cells belonging to this type was enlarged, and a part of the cytoplasm frequently protruded into the surrounding neuropil (Fig. 4E, asterisk) . The third type was less marked than the other types and consisted of abnormal clumps of chromatin in the nuclei; some of the organelles, especially mitochondria, the endoplasmic reticulum, and nuclear envelope, were often markedly swollen (Fig. 4D) . These 3 types of changes were shown in a previous study in which it was demonstrated that they were derived from a sequential change in PTD-induced neuronal death (24) . In addition to neurons, affected astrocytes were also detected in the GrL (Fig. 4F) .
We also found a number of dendrites that showed edematous changes in the neuropil of the external plexiform layer (Fig. 4G) . Because many of the granule cells showed edematous changes, these dendrites were likely derived from these cells. Myelin degeneration was not evident under the light microscope using the Klüver-Barrera stain by electron microscopy; however, we observed disintegration of myelin sheaths with edematous swelling, which has been previously reported in PTD mice (25) (data not shown).
Microglial Activation
Caspase cascade activation and the ultrastructural features of dying cells in the olfactory bulbs of PTD mice (i.e. dark-cell changes, chromatin condensation, swelling of mitochondria, and edematous cytoplasm) indicated that these dying cells showed an atypical form of cell death, that is, so-called aponecrosis (26, 27) . To examine whether PTD-induced cell death in the olfactory bulb was accompanied by microglial activation, we examined sections from PTD and control mice using an antibody to Iba1, a marker for microglia (28) (Fig. 5) . In the control mice, immunolabeled microglia had thin and highly ramified processes in the olfactory bulbs (Fig. 5B, C) ; whereas in the PTD mice, Iba1-positive microglia showed more intense immunoreactivity and had shorter and thicker processes, indicating microglial activation.
NMDA Receptor Blockade Reduces PTD-Induced Cell Death in the Olfactory Bulb
To determine whether cell death in the olfactory bulbs of PTD mice was NMDA dependent, we examined the effect of administration of the NMDA receptor antagonist, MK-801, on cell death in the olfactory bulbs of PTD mice. Because the cell death may have led to increased volume by edematous changes, we examined the effect of administration of MK-801 on the volumes of the olfactory bulbs of PTD mice (Fig. 6A) . The mean volume (TSD) of the olfactory bulbs of PTD mice with injections of vehicle (PTD+VEH, n = 4) was 5.7 T 0.5 mm 3 , whereas the mean volume of the olfactory bulbs with injections of MK-801 (PTD+MK801, n = 4) significantly decreased to 91% that of PTD+VEH mice (p G 0.05).
The mean density (TSD) of pyknotic cells in the GrL of PTD+VEH mice was 9.0 T 7.1 per field; the mean density of pyknotic cells in PTD+MK801 mice significantly decreased by 70% that of PTD+VEH mice (p G 0.05) (Fig. 6B) . Thus, PTD-induced cell death in the olfactory bulbs was also partly sensitive to the NMDA receptor antagonist, as was previously found in the thalamic regions of PTD rats (9, 10) .
DISCUSSION
In previous studies using PTD rodents, the extent of lesions was mainly evaluated by conventional histologic staining methods or NeuN immunohistochemistry assessing cell loss, hemorrhage, and vacuolation of the neuropil (14) . In the present study, we used ssDNA immunohistochemistry and the TUNEL method to detect dying cells in the brains of PTD mice. With these techniques, we could identify regions susceptible to TD that had been described in previous studies.
It is established that the thalamic nuclei, mammillary bodies, inferior colliculi, and vestibular nuclei are affected in PTD rodents (7, 29) . Using ssDNA immunohistochemistry in the present study, however, we could not detect PTD-induced cell death in the mammillary bodies, although dying cells were detected by the TUNEL method. Furthermore, PTDinduced cell death in the vestibular nuclei was hardly detected by ssDNA immunohistochemistry. Thus, the combination of TUNEL and ssDNA immunohistochemistry would be desirable for detecting dying cells in rodent models of TD.
Previous studies suggested that lesions in the mammillary bodies of patients with WKS were histologically different from those in the thalamus and inferior olives (4, 5) . Mammillary body lesions show destruction of the neuropil, with marked endothelial cell swelling and sparing of neurons, whereas lesions in the thalamus and inferior olives are characterized by neuronal death and sparing of the neuropil (4). Our present results with ssDNA immunohistochemistry, that is, that PTDinduced cell death in the mammillary bodies and vestibular nuclei was hardly detected, may also parallel the heterogeneity of the histopathology of WKS.
In addition to the regions that have been previously reported as being vulnerable to experimental TD, we clearly showed here that TD induces cell death in the olfactory bulb. Most of the dying cells in the olfactory bulbs of PTD mice were interneurons, that is, granule cells and periglomerular cells. However, the reason why the olfactory bulb is so vulnerable to TD remains to be elucidated. Neuronal death in the olfactory bulb because of PTD shares morphologic features in common with that in the thalamus; those features are compatible with those in glutamate-induced excitotoxic lesions (24) . Furthermore, the NMDA receptor antagonist, MK-801 attenuated cell death in the olfactory bulbs of PTD mice. Thus, it is reasonable to consider that excitotoxicity may be partly involved in the pathogenesis of neuronal death in the olfactory bulbs of PTD mice.
Interestingly, granule cells located in the superficial part of the GrL were more sensitive than those in the deeper part of the GrL (Figs. 1E; 4 A, B) . Previous studies suggested that superficial granule cells mainly receive synaptic inputs from tufted cells (1 of the 2 types of projection neurons in the olfactory bulb), whereas deep granule cells mostly receive inputs from mitral cells, the other type of olfactory projection neuron (30) . Thus, differences in the afferents between superficial and deep granule cells may influence the sensitivity of these cells to TD. Furthermore, an odor-induced spike frequency in tufted cells was shown to be higher than that in mitral cells (31) . The higher odor-induced spike frequency in the afferent to superficial granule cells may facilitate PTDinduced cell death.
To the best of our knowledge, neuropathologic changes in the olfactory bulb have not previously been reported in either PTD rodents or WKS patients. Previous studies showed, however, that patients with Korsakoff syndrome, the chronic phase of WKS, had marked impairment in olfactory discrimination and elevated thresholds for the perception of olfactory stimuli (32Y34). Thus, lesions in the olfactory bulb may be involved in the impairment of olfactory function in WKS patients. Further studies on the olfactory bulbs of WKS patients will clarify this point.
